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Ageing induces modifications capable of compromising seed vigour and viability. This study investigated the
effects of exogenous application of five antioxidants: ascorbic acid (AA), gallic acid (GA), reduced glutathione
(GSH), trolox and glycerol, on physical and biochemical lesions induced by controlled deterioration (CD) in
Brassica oleracea (cabbage) and Lactuca sativa (lettuce) seeds. The antioxidants were applied at 0.2, 0.4 and
0.6 mM to fresh seeds and seeds subjected to CD: 75% viability (P75), 50% viability (P50) and 25% viability
(P25); deionised water (DW) served as control. Controlled deterioration resulted in more abnormal seedlings
production in cabbage than in lettuce seeds. Additionally, CD increased electrical conductivity (EC) and pro-
tein carbonylation (PC), lowered antioxidant and germination enzymes activities in both species but
increased lipid peroxidation in lettuce seeds only. Exogenous application of antioxidants enhanced seed via-
bility of cabbage at P25 and lettuce at P50 and P25; seedling vigour of fresh, P75 and P25 cabbage; P50 and
P25 lettuce seeds. Electrolyte conductivity and lipid peroxidation were reduced by AA, GA, glycerol, GSH and
trolox in lettuce seeds, while PC was reduced by GA, glycerol and GSH in both species. Antioxidant and ger-
mination enzymes activities were heightened by GA, glycerol, GSH, and trolox in cabbage seeds; AA, GA, glyc-
erol, GSH and trolox in lettuce seeds. While DW reduced PC in cabbage seeds, it reduced lipid peroxidation
and heightened antioxidant and germination enzymes activities in lettuce seeds. The study resolved that CD-
induced lesions differ in both species, and the exogenously applied antioxidants are beneficial in quelling
injurious spin-offs of oxidative reactions.







Seeds gradually and continuously suffer post-harvest deteriora-
tion leading to quality loss during prolonged storage (Sahu et al.,
2017). This process of ageing causes delayed germination, reduced
vigour and eventual total viability loss (Boniecka et al., 2019). The
higher the seed moisture level and temperature at which seeds are
stored, the faster they lose viability (Simon, 1974). Significant physio-
logical and biochemical symptoms of ageing reported in various spe-
cies include increased susceptibility to disease, reduced respiration
(Ferguson et al., 1990), enzyme degradation and inactivation (Dell’a-
quila, 1994), genetic degradation (Sen and Osborne, 1977;
Basra et al., 2003), loss of membrane integrity (Mira et al., 2011) and
increased incidence of morphologically abnormal seedlings
(Simon, 1974).The decline in seed quality during storage in most species investi-
gated to date has been attributed to the generation of reactive oxygen
species (ROS) (Groot et al., 2015; Chandra et al., 2019). An imbalance
between the generation of ROS and antioxidant protection against
them induces oxidative stress (Berjak and Pammenter, 2013;
Choudhury et al., 2017; Chandra et al., 2019) which brings about tis-
sue damage by releasing prooxidants capable of driving the Fenton
reaction and lipid peroxidation, and by degrading defensive antioxi-
dants (Gutteridge, 1995). Reactive oxygen species have also been
implicated in protein oxidation, and damage of DNA, RNA and carbo-
hydrates in a wide range of plant tissues (Hawkins et al., 2009; Mit-
tler, 2017), including those within seeds (Ferguson et al., 1990;
Bailly et al., 2008).
However, studies on ageing in orthodox seeds have also indicated
that the mechanism(s) of seed deterioration may differ across spe-
cies. For instance, while seed viability loss has been associated with
lipid peroxidation in numerous species (Al-maskri et al., 2002 on
Cucumis sativus; Sahu et al., 2017 on Pongamia pinnata), van Staden
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compacta seeds; Priestley and Leopold (1979) suggested that lipid
peroxidation might be unconnected with ageing in Glycine max
seeds; and deterioration was accompanied by lipid peroxidation in
lettuce (Smith, 1986; Mira et al., 2010; Xue et al., 2001) but not cab-
bage seeds (Mira et al., 2011). A study on Arachis hypogea seeds
(Pearce and Samad, 1980) may offer some explanation for these
inconsistencies in terms of the involvement of lipid peroxidation in
ageing. The authors attributed ageing in A. hypogea seeds to the
inability to regulate intracellular concentrations or subcellular seg-
mentation of metabolites due to loss of membrane lipids and not per-
oxidation.
Given the above, the identification of biochemical markers of oxi-
dative stress has become a popular area of investigation in terms of
seed deterioration (Murthy et al., 2003; Kim et al., 2010;
Boniecka et al., 2019). These markers range from ROS and antioxi-
dants (enzymic and nonenzymic) to products of oxidative processes
(e.g. lipid peroxides [Parkhey et al., 2012]) and products of proteins
oxidation or carbonyls [Job et al., 2005]). Assessing levels of antioxi-
dant protection are just as important as measuring oxidative injury
when investigating oxidative stress in biological systems
(Moran et al., 1994). In this regard, antioxidants including detoxifying
enzymes such as superoxide dismutase (SOD), peroxidase (POD), glu-
tathione reductase (GR), catalase (CAT) and ascorbate peroxidase
(APX) are often used as indicators of seed deterioration (Kim et al.,
2010; Yan et al., 2016; Boniecka et al., 2019) given their role in
defending plant tissues against oxidative stress (Sahu et al., 2017;
Wang et al., 2018). Seed ageing has also been shown to be accompa-
nied by a decline in the activity of germination enzymes like a-amy-
lase (Livesley and Bray, 1991; Ganguli and Sen-Mandi, 1993) and
several studies have shown the involvement of b1,3-glucanase in
seed germination by promoting radicle protrusion (Leubner-
metzger and Meins, 1999; Koornneef et al., 2002; Leubner-
Metzger, 2003).
There are reports that some of the effects of seed deterioration
(induced by ageing) may be reversed to an extent by soaking treat-
ments which can restore vigour (Bedi et al., 2006; Kibinza et al.,
2011). Seeds treatments involving soaking in aqueous antioxidant
solutions such as ascorbic acid (Burguieres et al., 2007), glutathione
(Draganic and Lekic, 2012) and tocopherol (Afzal et al., 2006) have
been reported to enhance seed germination, vigour and subsequent
seedling growth in several species. Likewise, glycerol, a known radio-
protectant (Ab Hamid et al., 2014; Yatim et al., 2016), has been shown
to reduce ROS production in stress exposed seed embryonic axes
(Sershen et al., 2012) and increase cellular viscosity in dehydrating
seed tissues (Morris et al., 2006) and enhance growth in several spe-
cies (Tisserat and Stuff, 2011). Many enzymic (ascorbate peroxidase,
catalase, glutathione reductase and superoxide dismutase) and non-
enzymic (ascorbic acid, gallic acid, reduced glutathione and
a-tocopherol) antioxidants (Bailly, 2004; Job et al., 2005), have been
reported to alleviate oxidative stress in seeds and seed-derived
explants (Qiusheng et al., 2005; North et al., 2012). Antioxidants
have also been used as soaking treatment solutions for seeds of
species such as Ablemoschus esculentus (Raza et al., 2013), Pisum
sativum (Benamar et al., 2003), resulting in an improvement in
their endogenous antioxidant enzymes activities, pigments, seed
vigour, growth and yield and mitochondria performance. Since
differences in seed vigour are mainly accredited to ageing
(Powell and Matthews, 2005), an improvement in the germina-
tion of deteriorated seeds after application of soaking treatments
involving antioxidants can be indicative of the amelioration of
oxidative stress.
The present study investigated the effects of exogenous applica-
tion of a range of antioxidants (ascorbic acid, gallic acid, glycerol,
reduced glutathione, trolox) on germination and seedling vigour in
controlled deteriorated cabbage and lettuce seeds. Where these86treatments alleviated the effects of ageing on vigour and viability,
established physical and biochemical markers of oxidative stress and
germinability were assayed to identify the mechanism of action of
these antioxidants. These physical and biochemical markers were
also measured in fresh and aged but unsoaked seeds to compare the
mechanism(s) of ageing in these species.
2. Materials and methods
2.1. Seed material
Commercial seeds of Brassica oleracea L. (cabbage, ‘Glory of Enk-
huizen’) and Lactuca sativa L. (lettuce, ‘Great Lakes’), supplied in her-
metically sealed bags, were obtained from McDonalds Seeds
(Pietermaritzburg, South Africa) and stored at 4 °C before being
directed towards the experiments described below. Once the bags
were opened, seeds were transferred into air-tight metal cans and
stored at 4 °C. All seeds were used within three months of being
stored.
2.2. Seed vigour assessment
Seeds were removed from storage at 4 °C and maintained at room
temperature overnight before use. Each seed lot was subjected to an
initial germination and vigour test (three replicates of 25 seeds)
before being subjected to the CD and application of antioxidants as
described below. Only seed lots that showed germination >85% (in
cabbage) and >95% (in lettuce) within 48 h of sowing were used in
subsequent experiments.
2.3. Controlled deterioration
Seed moisture content (MC,%) was determined on fresh mass
basis using the adjusted low constant temperature oven method rec-
ommended by International Seed Testing Association (ISTA) for crop
seeds (Komba et al., 2006). Controlled deterioration, a vigour declin-
ing approach that indicates storage longevity of seeds (Powell and
Matthews, 2005; Mavi and Demir, 2007; Demir and Mavi, 2008) was
used to simulate seed ageing following the methods described by
Tekrony (2005) with slight modifications. The detailed methods are
described in Adetunji et al., 2020) but very briefly, seed MC (%) was
raised to 11% in an air-tight plastic vessel (134 £ 102 £ 70 mm) con-
taining saturated potassium chloride (KCl) salt solution and main-
tained at 25 °C for 24 h to reach the target MC: MC was raised from
5.5% to 11% in cabbage and 5.7% to 11% in lettuce. Thereafter, the ves-
sels were placed in an incubator (Heraeus FB 420, Hanau, Germany)
set at 35 °C.
Every 24 h, four replicates of 25 seeds were removed from the
vessels and sown between two layers of germination paper
(Anchor Paper Co., Saint Paul, USA) moistened with 3 ml deion-
ised water (DW), within Petri dishes and incubated at 20§2 °C
and a 16:8 h photoperiod. Seedling production (%), discriminating
between normal (including seedlings that were considered abnor-
mal on germination but later became normal) and abnormal
(with shoot growth but root length < 2 mm) growth (Fig. S1),
was assessed 14 days after sowing (DAS). Seeds that developed
chlorophyllous cotyledons but failed to germinate and seedlings
that died within 14 DAS were scored as dead. The experiment
was repeated twice for cabbage and three times for lettuce (as
the data were more variable for the latter). The normal seedling
(%) data were used to construct a CD curve for each species (Fig.
S2 A and B) which was used to identify the time (days) to 75%
viability (P75), 50% viability (P50) and 25% viability (P25), hereaf-
ter referred to as P75, P50 and P25 seeds, respectively. Fresh
seeds (viability: cabbage, >85%; lettuce, >95%) served as the
control.
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When seeds are treated with exogenous solutions by soaking for
invigoration, it is important to first determine the treatment duration
as seeds should not germinate in the treatment solutions. This is
because ROS is also involved in germination (Job et al., 2005;
Verma et al., 2015) and exposure to antioxidants during germination
can compromise radicle emergence. In the present study, seeds of
both species were imbibed in DW for various time periods to gener-
ate an imbibition curve (Fig. S3) which was used to identify an imbi-
bition time associated with phase 2 of germination (period of early
germination processes before radicle protrusion; Varier et al., 2010).
Based on these data, an imbibition time of 8 h for cabbage and 6 h for
lettuce, was used for all subsequent antioxidant treatments.
Fresh, P75, P50 and P25 seeds of both species were soaked in
aqueous solutions of ascorbic acid (AA), gallic acid (GA), reduced glu-
tathione (GSH), trolox (an analogue of a-tocopherol) and glycerol.
The exogenous antioxidants were applied at three concentrations,
0.2 mM, 0.4 mM and 0.6 mM, and deionised water (DW) served as
control. This is based on the fact that a wide range of antioxidants
applied exogenously at concentrations in this range has been shown
to be beneficial in alleviating oxidative stress-induced lesions,
enhancing germination, vigour and seed storability of several plant
species (Amjad et al., 2007; Ozfidan-Konakci et al., 2015;
Kuchlan et al., 2017). Applying the different antioxidants at three
similar concentrations allowed for the comparison of effects within
and across antioxidants. For each treatment combination (CD
level £ antioxidant £ concentration), four replicates of 25 seeds were
soaked in 3 ml of antioxidant solution/DW for 8 h in cabbage and 6 h
in lettuce. Seeds were removed from soaking, blotted dry with paper
towel and assessed for germination as described for the CD experi-
ments. Percentage seedling production (normal and abnormal) was
assessed 14 DAS. Root and shoot length measurements were also
taken 14 DAS and used to calculate seedling vigour index (Abdul-
Baki and Anderson, 1973).
2.5. Evaluation of biochemical markers of oxidative stress and
germinability
Where specific CD level £ antioxidant £ antioxidant concentra-
tion combinations resulted in enhanced production of normal seed-
lings relative to seeds soaked in DW, seeds were exposed to these
selected treatment combinations and assessed immediately after
soaking for electrolyte leakage and a range of biochemical markers of
oxidative stress and germinability. The detailed assay methods are
described in Adetunji et al. (2020). For comparative purposes, two
controls were used for the electrolyte leakage and biochemical
marker assays: seeds aged to the appropriate CD level and (1) soaked
in DW and (2) unsoaked. Seeds were blotted dry before processing
them for all assays.
2.5.1. Electrolyte conductivity
Electrolyte leakage was measured in seeds using a CM1002
multi-cell conductivity metre (Reid & Associates, Durban, South
Africa) following Sershen et al. (2016) with slight modifications. Indi-
vidual seeds (n = 5) were soaked in 2 ml of antioxidant solution/ DW
for 8 h. The conductivity of the soaking treatment (1.5 ml) was mea-
sured. Seeds were dried in an oven (Gallenkamp IH-150, London,
England) at 80 °C for 48 h and weighed to determine the dry mass
(DM). Deionised water and the respective antioxidant solutions
(incubated without seeds for 8 h) were used as blanks. Leakage was
expressed as mS/cm/g DM.
2.5.2. Conjugated dienes
Conjugated dienes were estimated as described by
Parkhey et al. (2012) using three replicates of 0.25 g of seed.87Conjugated dienes levels were calculated using an extinction coeffi-
cient of 25 mM1 cm1 and expressed asmmol/g FM.
2.5.3. 4-Hydroxy-2-nonenal (4-HNE)
The estimation of 4-HNE followed the processes described by
Parkhey et al. (2012) using three replicates of 0.25 g of seed. The 4-
HNE content was calculated using an extinction coefficient of 13,750
M 1 cm1 and expressed asmmol/g FM.
2.5.4. Protein carbonylation
Protein (three replicates of 2 g of seed each) was extracted in
sodium phosphate buffer (pH 7.4) according to Juszczuk et al. (2008).
Total protein content was first determined according to (Brad-
ford, 1976) and the extracts were diluted with DW to a protein
concentration of 10 mg/ml. Protein carbonyl content was
estimated following the spectrophotometric method described by
Augustyniak et al. (2015). Carbonyl content was calculated using a
molar absorption coefficient of 22,000 M  1 cm1 and expressed as
nM carbonyl/mg protein.
2.6. Enzymic antioxidant activity
The enzyme extraction procedure followed Farrant et al. (2004).
Seeds (three replicates of 0.25 g of seed each) were homogenized
using liquid nitrogen in 4 ml of extraction buffer (0.1 M sodium phos-
phate buffer [pH7.8], 0.1 mM ethylenediaminetetraacetic acid, 2 mM
dithiothreitol, 1.25 mM polyethylene glycol 4000 and 0.1 g polyvinyl-
pyrrolidone). The extract was centrifuged (Model J-E, Beckman Coul-
ter Avanti, La Brea, CA, USA) at 16,000 x g for 30 min at 4 °C. The
supernatant was collected and used for catalase, glutathione reduc-
tase and superoxide dismutase estimations as described below.
2.6.1. Catalase activity
Catalase was assayed according to Claiborne (1985). The decom-
position of H2O2 was measured as a decline in absorbence at 240 nm.
Catalase activity was calculated using an extinction coefficient of
0.0436 mM1 cm1 and expressed as mmol H2O2 decomposed/min/
g/fresh mass (FM).
2.6.2. Glutathione reductase
The method described by Esterbauer and Grill (1978) and modi-
fied by Farrant et al. (2004) was used to estimate the activity of gluta-
thione reductase (GR). GR activity was based on the rate of NADPH
oxidation in 5 min at 25 °C. The decline in absorbence was read at
340 nm using 50 mM potassium phosphate buffer (pH 7.8) as a blank.
GR activity was calculated using the extinction coefficient 6.22 mM1
cm1 and expressed asmmol NADPH oxidised/min/g FM.
2.6.3. Superoxide dismutase
Superoxide dismutase (SOD) was estimated following the method
of Beauchamp and Fridovich (1971) as modified by Varghese et al.,
2011. The enzyme activity was calculated using the enzymic inhibi-
tion of the photoreduction of NBT. A unit of SOD corresponded to 50%
inhibition of photoreduction of nitro blue tetrazolium to blue forma-
zan by the enzyme. SOD activity was expressed as units of SOD/g FM.
2.7. Germination enzymes activities
Seeds (three replicates of 0.25 g each) were used for the following
assays.
2.7.1. a-amylase
The enzyme was extracted following the method of Biswas et al.
(1978) with slight modifications by Farashah et al. (2011). a-amylase
was measured following the methods of Bernfeld (1955) and Baker
(1991). The reducing sugar (maltose) liberated was estimated using a
Table 1
Effect of exogenous application of antioxidants on normal seedling production
(%) in fresh and controlled deteriorated (P25) cabbage seeds.
Soaking treatments % Normal seedlings for
fresh seeds
% Normal seedlings for
P25 seeds
DW 90.50 § 5.21NS 23.50 § 8.40b
AA (0.2 mM) 85.50 § 7.39NS 34.50 § 5.21NS
AA (0.4 mM) 94.00 § 2.14NS 34.50 § 2.98NS
AA (0.6 mM) 87.50 § 5.13NS 31.00 § 6.32NS
GA (0.2 mM) 85.00 § 7.41NS 39.00 § 9.01a
GA (0.4 mM) 91.50 § 7.23NS 28.50 § 4.50NS
GA (0.6 mM) 88.50 § 6.91NS 27.00 § 9.26NS
Glycerol (0.2 mM) 90.50 § 7.07NS 42. 00 § 8.28a
Glycerol (0.4 mM) 90.50 § 3.66NS 43.50 § 8.40a
Glycerol (0.6 mM) 89.00 § 4.66NS 22.00 § 3.02NS
GSH (0.2 mM) 81.00 § 13.65NS 32.50 § 9.18NS
GSH (0.4 mM) 87.50 § 7.54NS 34.50 § 6.74NS
GSH (0.6 mM) 87.50 § 4.99NS 38.00 § 7.71a
Trolox (0.2 mM) 85.50 § 7.39NS 36.00 § 8.00a
Trolox (0.4 mM) 90.50 § 4.24NS 30.00 § 5.24NS
Trolox (0.6 mM) 87.50 § 7.54NS 32.50 § 4.50NS
Values represent mean§SD (4 x n = 25) of control (fresh cabbage seeds soaked
in deionised water [DW] and all the exogenously applied antioxidants) and
cabbage seeds at CD level (P25) where the exogenously applied antioxidants
changed normal seedling production (%) significantly relative to DW. Values
labelled with different letters are significantly different (P < 0.05, ANOVA)
when compared across soaking treatments within each CD level. NS: not sig-
nificantly different from value obtained with DW and therefore not considered
in statistical comparisons.
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mmol/min/ ml/g FM.
2.7.2. b1,3-glucanase activity
The enzyme extraction method followed Farashah et al. (2011).
Total b1,3-glucanase activity was assayed following the description
of Celestino et al. (2006). The reducing sugar liberated was estimated
using a glucose standard curve, and b1,3-glucanase activity was
expressed inmmol/min/ ml/g FM.
2.8. Statistical analysis
All data analyses were performed using IBM SPSS Statistics (Ver.
26.0. Armonk, NY, USA). All data were tested for normality using a
Shapiro-Wilk test. All percentage data were arcsine transformed
before analysis. To test for significant differences across treatments
and controls, data for normal seedling (%), vigour index and all bio-
chemical parameters were subjected to analysis of variance (ANOVA)
where data were parametric. A Tukey post-hoc test was used for sep-
aration of means. Where data did not satisfy ANOVA assumptions,
even after transformation, a KruskalWallis test was used. All differ-
ences were considered significant at 0.05 probability level.
3. Results
3.1. Effect of controlled deterioration (CD) and the exogenous
application of antioxidants on seedling growth and vigour of cabbage
and lettuce seeds
Seeds subjected to CD produced normal and abnormal seedlings
in both species (Fig. S1). The occurrence of abnormal seedlings was
limited (0.51.5%) in fresh cabbage seeds and observed in only three
soaking treatments but increased substantially in controlled deterio-
rated (CDd) seeds across all soaking treatments (Table S1). Similarly,
in lettuce the occurrence of abnormal seedlings was minimal
(0.51.0%) in fresh seeds and limited to four soaking treatments
(Table S1). With CD, the abnormal seedlings were observed across
relatively more soaking treatments, but the percentage occurrence
was only slightly higher (0.54%) than those observed in fresh seeds.
In L50 lettuce seeds, 0.6 mM GA, 0.2 mM glycerol and 0.2 mM GSH
significantly increased abnormal seedlings produced relative to DW.
Percentage normal seedling production in fresh, P75 and P50 cab-
bage seeds was not influenced significantly by the application of
exogenous antioxidants, when compared with seeds soaked in deion-
ised water (DW) (Table S2). At P25, however, normal seedling pro-
duction was increased significantly relative to P25-DW-treated seeds
in the following soaking treatments: 0.2 mM GA, 0.2 and 0.4 mM
glycerol, 0.6 mM GSH and 0.2 mM trolox (Table 1).
In lettuce, normal seedling production in fresh and P75 seeds was
not influenced significantly by the application of exogenous antioxi-
dants when compared with seeds soaked in DW (Table S3). At P50,
however, normal seedling production was significantly increased rel-
ative to P50-DW-treated seeds in the following soaking treatments:
0.6 mM of AA, GA, glycerol; 0.4 mM and 0.6 mM GSH (Table 2). Addi-
tionally, at P25, normal seedling production was significantly
increased relative to P25-DW-treated seeds in the following soaking
treatments: 0.2, 0.4 and 0.6 mM of AA, GSH; 0.6 mM glycerol; 0.2, 0.4
and 0.6 mM of trolox.
Seedling vigour index (SVI) in fresh cabbage seeds was signifi-
cantly increased when treated with 0.2, 0.4 and 0.6 mM GA and glyc-
erol, and 0.2 mM trolox when compared with fresh seeds soaked in
DW (Table 3). However, SVI was only significantly increased in P75
cabbage seeds when they were treated with 0.4 mM trolox when
compared with P75 seeds soaked in DW. Seedling vigour index in
P50 cabbage seeds was not influenced significantly by antioxidant
application compared with P50-DW-treated seeds (Table S4), while88SVI in P25 seeds was significantly increased relative to P25-DW-
treated seeds when treated with 0.2 and 0.4 mM glycerol (Table 3).
In fresh and P75 lettuce seeds, SVI was not influenced significantly
by antioxidant application compared with their DW-treated seeds
(Table S5). However, SVI in P50 lettuce seeds was significantly
increased relative to P50-DW-treated seeds when treated with GA
(0.6 mM) and trolox (0.2, 0.4 and 0.6 mM), while SVI in P25 seeds
was significantly increased when treated with 0.2 mM AA, 0.6 mM
GSH and trolox (0.2, 0.4 and 0.6 mM) compared with P25-DW-
treated seeds (Table 4).
3.2. Effects of CD and the exogenous application of antioxidants on
biomarkers of oxidative stress in cabbage and lettuce seeds
The oxidative stress biomarkers were measured in fresh and CDd
seeds without soaking (unsoaked), and after soaking in DW, and all
CD £ antioxidant £ concentration treatment combinations (termed
‘beneficial soaking treatments’ henceforth) that changed normal
seedling production (%) significantly relative to DW-treated seeds at
a specific level of CD.
Controlled deterioration led to heightened solute leakage, mea-
sured as electrolyte conductivity (EC), in unsoaked cabbage and let-
tuce seeds relative to their unsoaked fresh seeds but these
differences were only significant at P50 and P25 (Table 5). The benefi-
cial soaking treatments did not extenuate leakage in P25 cabbage
seeds relative to unsoaked P25 seeds; rather, DW, GA (0.2 mM) and
trolox (0.2 mM) caused a further increase in EC levels in P25 cabbage
seeds (Fig. 1A). However, in P50 lettuce seeds, soaking in 0.6 mM of
AA, GA, glycerol and GSH significantly decreased EC levels relative to
unsoaked and DW-treated P50 seeds; glycerol (0.6 mM) resulted in a
particularly low EC level relative to the other beneficial soaking treat-
ments (Fig. 1B). Similarly, EC levels in P25 lettuce seeds soaked in 0.6
mM of AA, glycerol, GSH and trolox were significantly reduced rela-
tive to unsoaked and DW-treated P25 seeds (Fig. 1C). Glycerol (0.6
mM) and GSH (0.6 mM) led to particularly low EC levels relative to
the other beneficial soaking treatments.
Controlled deterioration of cabbage seeds did not lead to a signifi-
cant change in conjugated diene (CJD) levels relative to fresh cabbage
seeds, but significantly increased CJD levels in P75, P50 and P25
Table 2
Effect of exogenous application of antioxidants on normal seedling production (%) in fresh and controlled deteriorated (P50 and P25) let-
tuce seeds.
Soaking treatments % Normal seedlings for fresh seeds % Normal seedlings for P50 seeds % Normal seedlings for P25 seeds
DW 98.00 § 3.02NS 62.00 § 10.03b 20.50 § 5.42c
AA (0.2 mM) 93.00 § 4.14NS 69.00 § 4.14NS 45.00 § 8.21a
AA (0.4 mM) 95.00 § 6.32NS 70.50 § 10.89NS 30.50 § 4.24b
AA (0.6 mM) 95.50 § 4.78NS 76.00 § 7.41a 30.50 § 4.28b
GA (0.2 mM) 94.00 § 4.50NS 72.00 § 2.83NS 20.00 § 4.28NS
GA (0.4 mM) 96.00 § 5.24NS 71.00 § 6.68NS 20.00 § 6.76NS
GA (0.6 mM) 95.50 § 5.83NS 76.00 § 3.70a 24.50 § 4.99NS
Glycerol (0.2 mM) 95.00 § 7.33NS 63.00 § 6.68NS 23.00 § 5.13NS
Glycerol (0.4 mM) 97.00 § 4.66NS 74.50 § 4.24NS 28.00 § 9.56NS
Glycerol (0.6 mM) 98.50 § 2.98NS 75.00 § 5.95a 30.50 § 7.98b
GSH (0.2 mM) 97.50 § 5.63NS 60.50 § 7.23NS 35.00 § 6.68ab
GSH (0.4 mM) 94.00 § 4.78NS 76.00 § 8.82a 30.00 § 3.02b
GSH (0.6 mM) 97.50 § 2.98NS 76.00 § 2.14a 39.50 § 13.26ab
Trolox (0.2 mM) 98.00 § 2.14NS 71.50 § 7.23NS 33.00 § 5.95b
Trolox (0.4 mM) 97.50 § 3.66NS 68.00 § 12.83NS 44.00 § 10.47ab
Trolox (0.6 mM) 95.00 § 4.14NS 69.00 § 13.14NS 44.50 § 7.84a
Values represent mean§SD (4 x n = 25) of control (fresh lettuce seeds soaked in deionised water [DW] and all the exogenously applied
antioxidants) and lettuce seeds at CD levels (P50, P25) where the exogenously applied antioxidants changed normal seedling production
significantly relative to DW. Values labelled with different letters are significantly different (P < 0.05, ANOVA) when compared across
soaking treatments within each CD level. NS: not significantly different from value obtained with DW and therefore not considered in
statistical comparisons.
A.E. Adetunji, A.E. Adetunji, B. Varghese et al. South African Journal of Botany 137 (2021) 8597lettuce seeds relative to fresh lettuce seeds (Table 5). Beneficial soak-
ing treatments did not change CJD levels in P25 cabbage seeds rela-
tive to unsoaked P25 seeds (Fig. 1D). However, in P50 lettuce seeds,
all beneficial soaking treatments significantly decreased CJD levels
relative to unsoaked P50 seeds; and 0.6 mM of GA, glycerol and GSH
resulted in a greater reduction in CJD levels than DW (Fig. 1E). Simi-
larly, all beneficial soaking treatments significantly reduced CJD lev-
els in P25 lettuce seeds relative to unsoaked P25 seeds; the
exogenous antioxidants resulted in a greater reduction in CJD levels
than DW (Fig. 1F).
In cabbage seeds, CD did not result in a significant change in 4-
HNE levels relative to fresh seeds, but in lettuce, CD significantly
increased 4-HNE levels in P50 and P25 seeds relative to fresh seeds
(Table 5). The levels of 4-HNE were significantly increased in P25 cab-
bage seeds soaked in 0.4 mM glycerol (Fig. 1G) and P50 lettuce seeds
soaked in 0.6 mM glycerol (Fig. 1H), while the other beneficial soak-
ing treatments had no significant effect relative to unsoaked seeds;Table 3
Effect of exogenous application of antioxidants on
and P25) cabbage seeds.
Treatments SVI for fresh seeds SV
DW 4923.20 § 728.50b 54
AA (0.2 mM) 4126.50 § 648.52NS 49
AA (0.4 mM) 3312.00 § 361.43NS 48
AA (0.6 mM) 4549.50 § 1351.16NS 52
GA (0.2 mM) 7793.10 § 890.57a 57
GA (0.4 mM) 7879.20 § 638.02a 64
GA (0.6 mM) 7942.20 § 965.41a 69
Glycerol (0.2 mM) 7679.70 § 1024.95a 83
Glycerol (0.4 mM) 7572.60 § 1238.74a 82
Glycerol (0.6 mM) 8162.70 § 1161.01a 67
GSH (0.2 mM) 3837.60 § 669.83NS 50
GSH (0.4 mM) 3809.00 § 513.62NS 39
GSH (0.6 mM) 3641.30 § 1013.48NS 36
Trolox (0.2 mM) 7871.60 § 1112.36a 65
Trolox (0.4 mM) 6551.60 § 1341.89NS 93
Trolox (0.6 mM) 7027.70 § 1559.13NS 72
Values represent mean§SD (4 x n = 25) of control
and all the exogenously applied antioxidants) and s
nously applied antioxidants changed seedling vigou
ues labelled with different letters are significantly
across soaking treatments within each CD level
obtained with DW and therefore not considered in
890.6 mM of AA and GSH resulted in a greater reduction in 4-HNE levels
of P50 lettuce seeds than DW. However, in P25 lettuce seeds, all
exogenous antioxidants reduced 4-HNE levels significantly relative
to unsoaked and DW-treated P25 seeds (Fig. 1I).
Controlled deterioration led to a significant rise in protein carbonyl-
ation (PC) levels in cabbage and lettuce seeds but these differences
were only significant at P50 and P25 in cabbage, and P25 in lettuce
seeds (Table 5). The PC levels were reduced significantly in P25 cabbage
seeds soaked in all beneficial soaking treatments relative to unsoaked
seeds; and 0.2 mM GA, 0.4 mM glycerol and 0.6 mM GSH resulted in a
greater reduction in PC levels than DW (Fig. 1J). In P50 lettuce seeds,
soaking in GA (0.6 mM) and GSH (0.6mM) significantly reduced PC lev-
els while the remaining exogenous antioxidants had no significant
effect relative to unsoaked and DW-treated seeds (Fig. 1K). The PC lev-
els were reduced significantly in P25 lettuce seeds soaked in AA (0.2
mM), glycerol (0.6 mM) and GSH (0.6 mM) while trolox (0.6 mM) and
DWhad no significant effect relative to unsoaked seeds (Fig. 1L).SVI in fresh and controlled deteriorated (P75
I for P75 seeds SVI for P25 seeds
14.50 § 1099.41b 2305.20 § 1366.14b
98.00 § 1328.57NS 3265.50 § 966.80NS
85.50 § 1171.15NS 3624.00 § 1069.05NS
78.50 § 1137.44NS 3084.00 § 1569.18NS
41.40 § 1318.79NS 4613.70 § 1001.24NS
75.35 § 1402.34NS 3815.70 § 1555.03NS
34.20 § 1235.94NS 2879.10 § 2453.05NS
53.80 § 1418.06NS 5798.10 § 1185.47a
25.70 § 570.63NS 5088.30 § 2050.79a
70.40 § 1299.03NS 3192.00 § 2313.28NS
58.30 § 969.49NS 2328.30 § 1038.52NS
98.80 § 562.45NS 3069.30 § 543.66NS
92.00 § 593.13NS 1592.50 § 312.22NS
91.20 § 1476.21NS 4743.20 § 1450.51NS
19.20 § 2533.07a 3062.40 § 1655.90NS
68.80 § 1901.68NS 3711.40 § 1465.64NS
(fresh seeds soaked in deionised water [DW]
eeds at CD levels (P75, P25) where the exoge-
r index (SVI) significantly relative to DW. Val-
different (P < 0.05, ANOVA) when compared
. NS: not significantly different from value
statistical comparisons.
Table 4
Effect of exogenous application of antioxidants on SVI in fresh and controlled deteriorated (P50
and P25) lettuce seeds.
Treatments SVI for fresh seeds SVI for P50 seeds SVI for P25 seeds
DW 5077.60 § 328.17NS 2799.00 § 815.44b 333.30 § 175.13b
AA (0.2 mM) 6218.60 § 650.83NS 2929.10 § 487.93NS 1736.30 § 507.99a
AA (0.4 mM) 6635.20 § 1116.61NS 3747.40 § 762.00NS 1110.10 § 287.88NS
AA (0.6 mM) 4595.60 § 989.48NS 4153.40 § 551.82NS 809.30 § 645.70NS
GA (0.2 mM) 5160.90 § 898.73NS 3412.10 § 569.21NS 500.00 § 847.56NS
GA (0.4 mM) 6044.90 § 490.37NS 4053.50 § 517.51NS 400.50 § 127.43NS
GA (0.6 mM) 5751.40 § 443.09NS 4548.20 § 680.37a 860.20 § 238.97NS
Glycerol (0.2 mM) 5347.60 § 911.97NS 3011.50 § 621.05NS 1432.40 § 563.21NS
Glycerol (0.4 mM) 6087.00 § 713.95NS 4209.10 § 419.54NS 1010.10 § 838.02NS
Glycerol (0.6 mM) 5760.00 § 506.87NS 4209.60 § 455.99NS 915.20 § 359.82NS
GSH (0.2 mM) 5285.00 § 941.18NS 2353.80 § 493.35NS 1195.10 § 375.55NS
GSH (0.4 mM) 5299.50 § 483.50NS 3571.60 § 311.82NS 691.00 § 260.76NS
GSH (0.6 mM) 4923.00 § 538.53NS 5049.10 § 480.58NS 1746.40 § 847.04a
Trolox (0.2 mM) 5820.10 § 625.38NS 3998.60 § 610.33a 1874.80 § 352.21a
Trolox (0.4 mM) 5677.70 § 1024.38 NS 4666.60 § 942.22a 2334.80 § 550.57a
Trolox (0.6 mM) 5214.70 § 3179.31NS 4934.30 § 1072.12a 2344.70 § 609.26 a
Values represent mean§SD (4 x n = 25) of control (fresh seeds soaked in deionised water [DW]
and all the exogenously applied antioxidants) and seeds at CD levels (P50, P25) where the exog-
enously applied antioxidants changed seedling vigour index (SVI) significantly relative to DW.
Values labelled with different letters are significantly different (P < 0.05, ANOVA) when com-
pared across soaking treatments within each CD level. NS: not significantly different from value
obtained with DW and therefore not considered in statistical comparisons.
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enzymic antioxidants activities of cabbage and lettuce seeds
In both species, CD to P50 and P25 led to a significant reduction in
catalase (CAT) activity relative to fresh seeds (Table 5). CAT activity
was significantly increased in P25 cabbage seed tissues soaked in GA
(0.2 mM) and GSH (0.6 mM) relative to unsoaked and DW-treated
P25 seeds (Fig. 2A). CAT activity was also significantly increased in
glycerol (0.6 mM) treated P50 lettuce seeds relative to unsoaked P50
seeds but decreased significantly in DW-treated (Fig. 2B). In P25 let-
tuce seeds, CAT activity was significantly increased when soaked in
GSH (0.6 mM) relative to unsoaked seeds but reduced in DW-treated
seeds (Fig. 2C).
Controlled deterioration led to a significant reduction in glutathi-
one reductase (GR) activity at P50 and P25 in cabbage seeds and at
P75, P50 and P25 in lettuce seeds, relative to fresh seeds (Table 5).
The activity of GR was only significantly increased in P25 cabbage
seeds soaked in GSH (0.6 mM), relative to unsoaked P25 seeds (Fig.
2D). However, GR activity was significantly increased in P50 (Fig. 2E)
and P25 (Fig. 2F) lettuce seeds treated with all beneficial soaking
treatments relative to unsoaked seeds; the exogenous antioxidants
resulted in a higher GR activity than DW at both CD levels.
In cabbage, CD did not result in a significant change in superoxide
dismutase (SOD) activity relative to fresh seeds, but it significantly
increased SOD activity in P25 lettuce seeds relative to fresh seeds
(Table 5). SOD activity was not significantly influenced by the benefi-
cial soaking treatments in P25 cabbage seeds; rather, it was signifi-
cantly reduced in DW-treated seeds relative to unsoaked seeds (Fig.
2G). In P50 lettuce, SOD was significantly increased in seeds soaked
in GSH (0.6 mM), relative to unsoaked and DW-treated seeds; 0.6
mM of GA and glycerol resulted in a higher SOD activity than DW
(Fig. 2H). SOD activity was significantly increased in P25 lettuce seeds
treated with all beneficial soaking treatments, relative to unsoaked
seeds (Fig. 2I).
3.4. Effects of CD and the exogenous application of antioxidants on
germination-related enzymes in cabbage and lettuce seeds
In both species, CD led to a significant reduction in a-amylase
activity relative to fresh seeds, but these differences were only signif-
icant at P25 (Table 5). However, a-amylase activity increased90significantly in P25 cabbage seeds treated with glycerol (0.4 mM) rel-
ative to unsoaked seeds; trolox (0.2 mM) resulted in a higher a-amy-
lase activity than DW (Fig. 3A). In P50 lettuce seeds, a-amylase
activity was not significantly influenced by the beneficial soaking
treatments (Fig. 3B), but the enzyme’s activity was significantly
increased in P25 lettuce seeds soaked in GSH (0.6 mM) and trolox
(0.6 mM), relative to unsoaked and DW-treated seeds (Fig. 3C).
Controlled deterioration led to a significant reduction in b1,3-
glucanase activity in cabbage seeds at P50 and P25 and in lettuce
seeds at P25, compared with fresh seeds (Table 5). b1,3-glucanase
activity increased significantly in P25 cabbage seeds exposed to exog-
enous antioxidants, but those treated with DW had a significantly
reduced activity relative to unsoaked seeds (Fig. 3D). However,
b1,3-glucanase activity was significantly increased in P50 lettuce
seeds treated with all beneficial soaking treatments relative to
unsoaked seeds (Fig. 3E). Similarly, b1,3-glucanase activity
increased significantly in P25 lettuce seeds treated with all beneficial
soaking treatments relative to unsoaked seeds (Fig. 3F). The exoge-
nous antioxidants resulted in higher b1,3-glucanase activity than
DW in both P50 and P25 lettuce seeds.
4. Discussion
Studies that have employed CD to investigate the phenomenon of
seed ageing have shown that even when moisture level and tempera-
ture are controlled for, the rate of vigour and viability loss varies
across species (Berjak and Villiers, 1972; Merritt et al., 2003; Shaban,
2013). This variation is a function of the ability of seeds of different
species to resist degradative changes through protective mechanisms
to varying degrees (Shaban, 2013).
In the present study, CD led to the loss of vigour and viability in
both cabbage and lettuce seeds; however, this decline occurred at dif-
ferent rates in both species. Below P75, viability declined slower in
cabbage seeds than in those of lettuce. With CD, SVI in cabbage seeds
was less severely compromised than in lettuce seeds (Tables 3 and 4,
respectively). Moreover, there was no significant change in CJD and
4-HNE levels and SOD activity in cabbage seeds but in lettuce seeds
(Table 5). However, even though cabbage seeds exhibited lower lev-
els of viability loss and oxidative stress when deteriorated, they pro-
duced much more abnormal seedlings than lettuce seeds (Table S1).





















































































































































































































































































































































































































































































































































































































































































































































































































































































A.E. Adetunji, A.E. Adetunji, B. Varghese et al. South African Journal of Botany 137 (2021) 8597
91in both species may not be the same. While CD led to oxidative stress
in lettuce seeds, it appears to affect developmental processes in cab-
bage seeds. Nevertheless, CD increased the frequency of abnormal
seedling production in both species, and this occurred in the soaking
treatments as well (Table S1). A rising proportion of abnormal seed-
ling production in seed lots that are still viable and capable of produc-
ing a high germination capacity is a symptom of deterioration
(Matthews, 1985). A previous study on the effect of exogenous appli-
cation of antioxidants prior to the ageing of sunflower seed showed
an increased number of abnormal seedlings (Draganic and Lekic,
2012). A gradual loss of seed vigour resulting in the eventual loss of
viability has been reported to characterise seed deterioration (Arger-
ich and Bradford, 1989; Lehner et al., 2008). This may be attributed to
various factors including deterioration-induced cellular, chemical
and metabolic modifications (Bailly et al., 2008; Boniecka et al.,
2019). Uncontrolled ROS accumulation during hydration of aged
seeds inhibits radicle protrusion (germination) or causes seeds to
develop into abnormal seedlings (Bailly et al., 2008). El-Maarouf-Bou-
teau et al. (2011) proposed the involvement of programmed cell
death, mitochondria dysfunction, DNA modification and oxidative
burst in seed deterioration.
Importantly, in the present study, selected (beneficial) soaking
treatments improved normal seedling production of cabbage and let-
tuce seeds but not necessarily at the same concentrations and CD lev-
els. Glycerol, GSH and trolox, for instance, increased normal seedling
production in both species at P25 while AA, glycerol and GSH
increased normal seedling production at P50 and P25 in lettuce seeds
(Tables 1 and 2). In lettuce, 0.6 mM of all exogenous antioxidants sig-
nificantly increased normal seedling production but not necessarily
at the same CD levels. Additionally, GA was effective in both species
but at different concentrations and CD levels. In previous studies,
exogenous application of antioxidants such as AA enhanced viability
in aged seeds of Elymus sibiricus (Yan et al., 2015) and maximum
growth and yield of salt-stressed Ablemoschus esculentus seeds (Raza
et al., 2013). Increased level of endogenous glycerol through seed
soaking treatments is speculated to have a protective effect on plants
in extreme environmental conditions (Ali et al., 2008; Tiryaki and
Buyukcingil, 2009). The improvement of normal seedling production
induced by the beneficial soaking treatments identified here may be
related to the suggested role of exogenous antioxidants in stimulat-
ing and activating plant endogenous antioxidant contents which are
conjectured to be contingent upon NADPH (reductant) given off as
carbon flux product via the pentose phosphate pathway (Burguieres
et al., 2007). Under stress conditions, the exogenously supplied anti-
oxidants possibly function in the indirect stimulation of the biosyn-
thesis of growth-promoting substances such as amino acids (e.g.
proline) associated with pentose phosphate pathway activity, which
is a source of precursors of sugar phosphate needed for the synthesis
of phenolics (Burguieres et al., 2007). Phenolics are known for their
inherent potent antioxidant properties (Ghasemzadeh and Ghasem-
zadeh, 2011).
The beneficial soaking treatments also improved SVI of cabbage
and lettuce seeds but not necessarily at the same concentrations and
CD levels (Tables 3 and 4, respectively). The application of GA and tro-
lox, for instance, improved SVI in both species but at varying concen-
trations and different CD levels. Glycerol improved SVI in Fresh and
P25 cabbage seeds, while AA and GSH improved SVI in P25 lettuce
seeds only. The effect of the beneficial soaking treatments on SVI
was, however, not observed in P50 cabbage seeds, and fresh and P75
lettuce seeds. The effects of antioxidants on plant growth extend to
several physiological processes which include the regulation of plant
growth, cell differentiation and metabolism (Shao et al., 2008). Havas
(1935) and Draganic and Lekic (2012) reported accelerated seedling
growth and improved shoot and root length as a result of antioxidant
application. Exogenous antioxidant-linked improvement of seedling
growth response may be related to the role of antioxidants in the
Fig. 1. Effect of exogenous antioxidant application on biomarkers of oxidative stress: AC) electrical conductivity (EC), DF) conjugated dienes (CJD), GI) 4‑hydroxy‑2-nonenal (4-
HNE) and JL) protein carbonylation (PC) adduct, in P25 cabbage seeds and P50- and P25- lettuce seeds subjected to no soaking (unsoaked) or soaking in deionised water (DW),
ascorbic acid (AA), gallic acid (GA), glycerol, reduced glutathione (GSH) or trolox. Values represent mean§SD (n = 5 for EC and n = 3 for all other parameters). Bars labelled with dif-
ferent letters indicate significant differences at P<0.05 (ANOVA).
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(Shao et al., 2008). They may be stimulating the synthesis of
endogenous antioxidants (Burguieres et al., 2007) which in influ-
encing plant growth regulators, modulate growth (Pastori et al.,
2003).
The present study demonstrates that CD led to the loss of mem-
brane integrity, as measured by EC, in cabbage and lettuce seeds at
P50 and P25 (Table 5). Although the application of exogenous antiox-
idants has been reported to extenuate the injurious effect of stress in
several species (Ahmad et al., 2012; Ejaz et al., 2012; Raza et al.,
2013), the beneficial soaking treatments (mentioned above) did not
reduce EC in P25 cabbage seeds (Fig. 1A). In lettuce seeds, however,
the beneficial soaking treatments (0.6 mM of AA, GA, glycerol and
GSH in P50; 0.6 mM of AA, glycerol, GSH and trolox in P25) resulted92in a marked reduction in EC (Fig. 1B and 1C, respectively). The free
movement of solutes and water, an indicator of cell membrane per-
meability, resulting from stress induced modifications such as lipid
peroxidation and the disappearance of membrane phospholipids
from plant tissues have been attributed to seed deterioration (Simon,
1974; Mira et al., 2011) in terms of loss of vigour and viability (Bedi
et al., 2006; Sahu et al., 2017). Reduction of EC levels by the beneficial
soaking treatments is indicative of their potentiality for promoting
the retention of membrane integrity during CD in lettuce seeds. This
again points to the potential disparity in the mechanisms of ageing in
both species. For leakage of solutes to be suppressed, membranes
need to regain their integrity of bilayer conformation (Simon, 1974).
Chain-breaking antioxidants, particularly AA, tocopherols, and GSH
can directly “repair” ROS attack on lipid structures, thereby defending
Fig. 2. Effect of exogenous antioxidant application on antioxidant enzymes activities: AC) catalase (CAT), DF) glutathione reductase (GR) and GI) superoxide dismutase (SOD),
in P25 cabbage seeds and P50- and P25- lettuce seeds subjected to no soaking (unsoaked) or soaked in deionised water (DW), ascorbic acid (AA), gallic acid (GA), glycerol, reduced
glutathione (GSH) or trolox. Values represent mean§SD (n = 5 for EC and n = 3 for all other parameters). Bars labelled with different letters indicate significant differences at
P<0.05 (ANOVA).
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case in deteriorated lettuce seeds here.
Seed deterioration has been previously reported to be character-
ised by the accumulation of lipid peroxidation products in various
species (Acer Platanoides, Pukacka, 1991; sunflower seeds, Kibinza et
al., 2006; Zygophyllum xanthoxylon, Li et al., 2008). On the contrary,
other studies, have shown that lipid peroxidation, as measured by its
products, was not related to seed deterioration in Zea mays (Lin and
Pearce, 1990), wheat grains (Lehner et al., 2008), and Brassicaceae
species (Mira et al., 2011). As alluded to earlier, CD led to little or no
accumulation of lipid peroxidation products (CJD and 4-HNE) in cab-
bage seeds while CDd lettuce seeds exhibited heightened levels of
CJD and 4-HNE (Table 5). In P50 and P25 lettuce seeds, CJD levels
were reduced by all beneficial soaking treatments (Fig. 1E and 1F,
respectively), but this was not the case for 4-HNE as it was only in
P25 lettuce seeds that 4-HNE levels were reduced by the exogenous
antioxidants (Fig. 1I). Mira et al. (2011) showed that though electro-
lyte conductivity increased with seed deterioration, no accumulation
of malondialdehyde (MDA) was recorded in ageing processes of four
wild Brassicaceae species. The present results indicate that there are
uncertainties about what mechanism(s) of membrane damage occur
in deteriorated cabbage seeds as ageing was not accompanied by the
accumulation of lipid peroxides despite the increase in electrolyte93leakage; other researchers have made similar observations (E.A.
Golovina, personal communication, April 30, 2019). Additionally,
Lehner et al. (2008) reported that there was no change in MDA during
ageing in wheat grains and thus opined that lipid peroxidation was
not necessary for ageing to occur. The beneficial soaking treatments
most likely reduced lipid peroxidation events in P50 and P25 lettuce
seeds by scavenging ROS and/or enhancing the antioxidant defence
system, leading to improved normal seedling production and SVI.
Antioxidants such as tocopherol, a primary lipophilic antioxidant,
and AA, a hydrophilic antioxidant, work together to defend lipids
from peroxidative reactions (Buettner, 1993). These antioxidants
were also beneficial in lettuce seeds.
Increased PC is an indication of oxidative damage to protein and
did characterise CD in P50 and P25 cabbage seeds and P25 lettuce
seeds (Table 5). All beneficial soaking treatments were effective in
reducing PC levels in P25 cabbage seeds (Fig. 1J). In both cabbage and
lettuce seeds, GSH (0.6 mM) reduced PC formation while DW was
effective at doing this in P25 cabbage seeds only. In P50 lettuce seeds,
0.6 mM GA was effective at reducing PC level, while 0.2 mM AA and
0.6 mM of glycerol also brought about a marked reduction in the car-
bonyl derivatives in P25 lettuce seeds (Fig. 1K and 1L, respectively).
In a study on Arabidopsis thaliana seeds, CD substantially raised PC
levels (Rajjou et al., 2008) and those authors opined that this might
Fig. 3. Effect of exogenous antioxidants application on germination enzymes activities: AC) a-amylase and DF) b1,3-glucanase, in P25 cabbage seeds and P50- and P25- lettuce
seeds subjected to no soaking (unsoaked) or soaked in deionised water (DW), ascorbic acid (AA), gallic acid (GA), glycerol, reduced glutathione (GSH) or trolox. Values represent
mean§SD (n = 5 for EC and n = 3 for all other parameters). Bars labelled with different letters indicate significant differences at P<0.05 (ANOVA).
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ened seed susceptibility to proteolysis. They suggested further that
loss of germinative vigour may be attributed to changes in seed pro-
tein and the inability of deteriorated seeds to display a normal prote-
ome while germinating. Kalemba and Pukacka (2014), Sahu et al.
(2017) and Yin et al. (2017) similarly implicated carbonylation of
proteins in oxidative stress damaged seeds of Fagus sylvatica, Pon-
gamia pinnata and Oryza sativa, respectively. On the contrary,
Golovina et al. (1997a, 1997b) reported the conservation of pro-
teins during long term seed storage of several other orthodox
species, including Brassica napus. From results presented here,
loss of seed viability and vigour with CD in both species was
related to increased protein oxidation, and the benefits of soaking
treatments appear to have been partly based on the mitigation
thereof. Proteins may be a major ROS target due to their rapid
reactivity with several reactive oxidants, in addition to their pres-
ence in large quantity in cells, plasma, and nearly all tissues
(Hawkins et al., 2009).
An efficient defence system capable of quelling high levels of reac-
tive oxidants is essential for seed survival and recovery from deterio-
ration. The results of the present work show that CD was
accompanied by a progressive decline in the antioxidant capacity
(specifically CAT activity at P50 and P25) in both cabbage and lettuce
seeds (Table 5). The activity of CAT was, however, increased by GSH
(0.6 mM) in both species at P25 (Fig. 2A and 2C), while glycerol (0.6
mM) and GA (0.2 mM) induced a substantial rise in CAT activity in
P50 (Fig. 2B) and P25 (Fig. 2C) lettuce seeds, respectively. A decline in
CAT activity was reported for Sesamum indicum seeds (Tabatabaei,
2013) and was cited as one of the reasons for the loss of viability in
aged Triticum aestivum grains (Lehner et al., 2008) and Helianthus
annuus seeds (Kibinza et al., 2006). CAT has been described as a major
enzyme involved in the recovery of seeds from deterioration (Kibinza
et al., 2011). Like peroxidase (POX), CAT is mainly involved in the
hydrolysis of hydrogen peroxide (H2O2), a critically toxic by-product94of oxidative metabolism, to water and oxygen (Kibinza et al., 2011;
Sahu et al., 2017).
Controlled deterioration also led to a significant reduction in GR
activity in P50 and P25 cabbage seeds, and in P75, P50 and P25 let-
tuce seeds (Table 5). In P25 cabbage seeds, only GSH (0.6 mM) caused
a marked rise in GR activity (Fig. 2D), while all beneficial soaking
treatments enhanced GR activity in P50 and P25 lettuce seeds (Fig. 2E
and 2F, respectively). Previous studies have documented that seed
deterioration was characterised by reduced GR activity in Citrullus
vulgaris (Hsu and Sung, 1997), Gossypium hirsutum (Goel and
Sheoran, 2003) and Helianthus annuus (Kibinza et al., 2006) seeds.
The role of GR includes regeneration of GSH, a substance that itself is
involved in removing ROS, from oxidised glutathione (GSSG) to main-
tain the redox status of glutathione (Kibinza et al., 2011). The GSH
protects -SH groups in enzymes and structural proteins against oxi-
dation by either scavenging oxidants or mending -SH groups through
GSH-disulfide exchange reaction. The GSSG produced is then rapidly
reduced by GR (Esterbauer and Grill, 1978). Heightening endogenous
antioxidants levels and enhancing the activity of antioxidative
enzymes, such as GR, may be a strategy of plant cells to limit harmful
peroxidation (Schmidt and Kunert, 1986).
Controlled deterioration did not influence SOD activity of cabbage
seeds but caused a significant reduction in the enzyme’s activity in
P25 lettuce seeds (Table 5). In P25 cabbage seeds, SOD activity was
not enhanced by the soaking treatments (Fig. 2G) but was enhanced
by GSH (0.6 mM) in P50 lettuce seeds (Fig. 2H), and by all beneficial
soaking treatments in P25 lettuce seeds (Fig. 2I). Ageing-induced loss
of seed viability has been demonstrated to involve reduced SOD
activity in several plant species such as Gossypium hirsutum (Goel
and Sheoran, 2003), H. annuus (Kibinza et al., 2006) and T. aestivum
(Lehner et al., 2008). SOD is known to be directly responsible for the
dismutation of superoxide anion radical (.O2) by removing oxygen
radicals and forming H2O2 (Saed-Moucheshi et al., 2014). The longev-
ity of seeds in storage is dependant on their ability to produce and
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oxidants (Shaban, 2013; Sahu et al., 2017). Enhanced activity of CAT
in Ablemoschus esculentus (Raza et al., 2013), GR and SOD in H. annuus
(Bailly et al., 1998, 2000; Kibinza et al., 2011), CAT and SOD in P. sati-
vum (Burguieres et al., 2007) were linked with the recovery of seed
vigour. Collectively, the present results show that certain exoge-
nously applied antioxidants can enhance the activities of endogenous
enzymic antioxidants, and subsequent seedling production and SVI,
but the effects appear to be enzyme and treatment specific.
Controlled deterioration led to a reduction in the a-amylase activ-
ity of cabbage and lettuce seeds at P25 (Table 5). Glycerol (0.4 mM)
induced hydrolysis of starch by increasing a-amylase activity in P25
cabbage (Fig. 3A). The activity of a-amylase was not influenced by
the soaking treatments in P50 lettuce seeds (Fig. 3B) but was height-
ened by GSH (0.6 mM) and trolox (0.6 mM) in P25 lettuce seeds (Fig.
3C). Reduced amylase activity was reported in aged wheat grains
(Livesley and Bray, 1991; Das and Sen-Mandi, 1992) and Brassica
campestris (Bedi et al., 2006). Loss of viability may be linked to seed
inability to adequately produce a-amylase, which in turn is pre-
sumed to be due to ageing-induced inadequacy of plant growth regu-
lators such as gibberellins (Petruzzelli and Taranto, 1990), and other
ageing-related impairments (Ganguli and Sen-Mandi, 1993). Addi-
tionally, CD resulted in a significant decline in b1,3-glucanase activ-
ity of P50 and P25 cabbage and P25 lettuce (Table 5). The exogenous
antioxidants enhanced b1,3-glucanase activity in P25 cabbage
seeds (Fig. 3D) while all beneficial soaking treatments enhanced its
activity in both P50 and P25 lettuce seeds (Fig. 3E and 3F, respec-
tively). Increased b1,3-glucanase activity related to increased seed
germination of Origanum vulgare (Farashah et al., 2011). The present
results suggest that treatment of aged cabbage and lettuce seeds
with antioxidants can enhance seedling production and SVI by pro-
moting the activity of key germination enzymes.
5. Concluding remarks and recommendations
Controlled deterioration resulted in the loss of vigour and viability
and increased frequency of abnormal seedlings in both cabbage and
lettuce seeds, but the mechanisms of ageing appear to differ between
species. While CD was accompanied by a rise in EC and PC, and a
decline in CAT, GR, SOD, a-amylase and b1,3glucanase activities
in both species, only lettuce seeds exhibited a rise in lipid peroxida-
tion products (CJD and 4-HNE).
Out of the five antioxidants applied to seeds, four (GA, glycerol,
GSH and trolox) were beneficial in cabbage; all five were beneficial in
lettuce, and four were beneficial in both species, in terms of improv-
ing viability in CDd seeds. The beneficial effects of these antioxidants
appear to be based on mitigating the effects of physical and biochem-
ical lesions that accompany ageing in seeds. For instance, in lettuce
seeds, EC and lipid peroxidation were reduced by the application of
AA, GA, glycerol, GSH and trolox. Protein oxidation was reduced by
GA, glycerol and GSH in both species. Antioxidant and germination
enzymes activities were enhanced by GA, glycerol, GSH, and trolox in
cabbage seeds and AA, GA, glycerol, GSH, and trolox in lettuce seeds.
Interestingly, DW also reduced PC in cabbage seeds and lipid peroxi-
dation in lettuce seeds, and enhanced antioxidant and germination
enzymes activities in lettuce seeds.
Oxidative stress appears to be a major contributor to seed viability
loss during ageing in both cabbage and lettuce; whilst the lesions
brought about by oxidative damage may not be the same in both spe-
cies, treatment with AA, glycerol, GSH and trolox can improve vigour
and viability in their aged seeds.
Further investigations on the lesions imposed by ageing at the
molecular level (e.g. via protein profiles and, assessment of DNA
integrity) and the possible influence of exogenous antioxidants on
obviating this damage are recommended. Furthermore, the role of
exogenous antioxidant application, especially glycerol and GSH, on95epigenetic changes associated with seed deterioration and recovery
are worth pursuing.
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